(where X = Cl, Br, I; S-Adm=1-adamantanethiolate) has a multiple-shell structure with an Ag71 core protected by a shell of Ag70X12(S-Adm)40. The Ag71 core can be considered as twenty frequency-two Ag10 tetrahedra fused together with a dislocation that resembles multiple-twinning in nanoparticles. The nanocluster has a strong plasmonic absorption band at 460 nm. Due to the bulkiness of S-Adm, the nanocluster has a low surface thiolate coverage and thus unusually high surface reactivities towards exchange reactions with different ligands, including halides, phenylacetylene and thiols. The cluster can be made water soluble by metathesis with water-soluble thiols, thereby creating new functionalities for potential bioapplications.
Organic ligand stabilized metal nanoparticles have attracted much attention in the past two decades, owing to their unique properties.
1,2 Surface-capping agents play important roles, not only in stabilizing metal nanoparticles from aggregation, but also in controlling their size, shape, and morphology. [2] [3] [4] [5] Many recent studies have also demonstrated that surface ligands on metal nanoparticles are capable of inducing steric and electronic effects that modify their catalytic properties. [6] [7] [8] [9] [10] [11] However, due to the lack of effective techniques to characterize the binding structure of ligands on metal nanoparticles, it remains a challenge to understand how surface ligands facilitate the shape-controlled synthesis of metal nanoparticles. The latter is key to the ultimate manipulation of their surface properties. It is only through systematic studies of the structures and properties of a series of atomically precise metal clusters that new insights can be gained on how to control the size and morphology of nanoparticles. [12] [13] [14] [15] [16] [17] [18] [19] For example, the combined use of phosphine and thiolate ligands was shown to facilitate the formation of cube-shaped Ag nanoparticles. 20, 21 Moreover, atomically precise metal nanoparticles have been successfully used as model catalysts to study the promotional effect of surface ligands on metal nanoparticles' catalysis. 22 However, basic understanding on how surface ligands dictate the morphology of a particular metal nanoparticle and its surface reactivity remains limited. In this work, we demonstrate that the use of bulky thiolates facilitates the formation of multiple-twinned The title nanoparticles were prepared by adopting a modified synthesis process of Ag136 and Ag374. 18 For a typical synthesis of [Ag141Br12(SAdm)40] 3+ (1), a polymeric silver 1-adamantanethiolate was used as the metal precursor and reduced with NaBH4 in the presence of PPh4Br and triethylamine (see Supporting Information for details). The resulting Ag nanoparticles exhibited a strong UV-vis absorption band at 460 nm (Figure 1a) , similar to the surface plasmon band of metallic Ag nanoparticles. The nanoparticles dissolved in CH2Cl2 were subjected to electrospray ionization mass spectrometry (ESI-MS). The multiple peaks between 7450 and 7650 ( Figure 1b) can be assigned to an admixture of [Ag141Br12-nCln(SAdm)40] 3+ with n = 0-12 with the isotopic pattern matched with the simulation ( Figure S1 ).
High-quality dark green crystals were obtained by placing a dichloromethane solution in a closed container with toluene to slow down the crystallization process. 1 crystallizes in an orthorhombic space group Pbcn ( Figure S2 ). The counter anions which could be halides were not identified due to disorder. Nevertheless, these nanoclusters were determined to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 2 be trications by ESI-MS. The partial substitution of bromide by chloride is believed to be induced by the ESI-MS conditions. Including the ligand shell, 1 has a van der Waals diameter of about 3.0 nm with a metal core diameter of about 1.7 nm ( Figure S3 ). IBI is twisted about the fivefold axis by 7.3 degrees. As a result, the pointgroup symmetry of the IBI core of 1 is lowered from D5h to D5, making it chiral ( Figure S4 ). The overall structure of the Ag71 core can be described as 20 frequency-two (ν2) tetrahedra interlaced together to form a multipletwinned prolate metal core with 10 slightly concave butterfly "defects" (see the 20 dark blue triangles in the equator of Figure 3c ). This unique interlacing configuration of 20 tetrahedra is observed for the first time. It suggests that 20 ν2 fcc tetrahedra can be interlaced and configurate to minimize the internal stress, thereby producing the miniature multiple-twinned core of 1.
The ellipsoidal-shaped Ag71 core is contained in a barrel of 70 surface Ag atoms (Figure 3c ). The latter can be visualized as being constructed by capping the 20 approximately planar ν2 triangular (light blue in Figure 1b ) faces of the former with 60 Ag atoms (three each, forming a ν1 triangle in the third shell), and 10 slightly concave butterflies (dark blue in Figure 1b ) of the former with 10 Ag atoms near the equator. The surface Ag70 shell forms 12 pentagonal, 20 triangular, and 40 tetragonal faces. Overall, the 141 silver atoms in the three shells form a prolate ellipsoidal metal framework withD5 symmetry.
The metal framework is further protected by 40 S-Adms and 12 bromides, giving rise to the formulation of [Ag141Br12(S-Adm)40] 3+ (Figure 3d ). The 40 thiolates cap 40 tetragonal faces of the Ag70 shell, with an average Ag-S bond lengths 2.589 Å, among which 30 thiolates are four-coordinated, and the other 10 are three-coordinated (Figure 3e and S5) . Unlike small thiolates, S-Adm is a rigid and bulky ligand, meaning that the surface S-Adm coverage could be very low. Considering that the surface metal accessibility is governed by the tail groups of the surface ligands, we define herein the surface thiolate coverage as the ratio of the number of thiolates to the surface metal atoms to simplify the comparison. The surface thiolate coverage of 1 is ~57%, much smaller than that of Ag nanoparticle containing a similar number of Ag atoms capped by less bulky thiolates. For instance, the Ag136 nanoparticle capped with 4-tert-butylbenzenethiolate (TBBT) has a high thiolate coverage of ~78% (Table S1 ). The low coverage of S-Adm on Ag nanoparticles leaves surface sites accessible to small-sized molecules (e.g., halides) ( Figure S6 ). The 12 bromide ligands on 1 are divided into two groups, two at the two poles and ten around the equator (Fig. 3d and 3e) . The former forms weak Ag-Br interactions (3.151-3.307 Å) to the pentagonal silver rings. The corresponding distances for the latter range from 2.977-4.057 Å. However, these bromide ligands also form additional bonds (one each) with the 12 vertices of the Ag71 core underneath the pentagonal faces, with Ag-Br bonds of 2.649 Å (two at the poles) and 2.739 Å (average of ten around the equator), respectively (Figure 3e . This is expected due to the overall prolate shape of the particle, which splits the degeneracies of angular momentum symmetries. Additional splitting is due to the D5 symmetry. DFT analysis of the electronic density of states shows that the occupied electron states within 0.4 eV of the highest occupied molecular orbital (HOMO) resemble the spherical symmetries of 2D, 3S and 1H ( Figure S9 ). However, there is a strong splitting of the states below and above the HOMO level ( Figure S10 ). 1 in the charge state of +3 has an empty orbital (2-electron hole) virtually at the HOMO level, followed by an energy gap of close to 0.3 eV to two upper levels that complete the electron filling to the spherical magic number of 92. The existence of the electron holes very close to the HOMO of 1 suggests that the stability of 1 ( Figure S11 ) is mainly due to structural packing of the metal core and bulky ligand shell, instead of electron shell-closing. Moreover, computed optical spectra of 1 in the charge states +3 and +1 agree qualitatively well with the experiment, showing one absorption maximum at 406 nm and 396 nm for the tri-and mono-3 cations, respectively (Figure S12
The induced oscillation of the electron density at the plasmon energy extends to the ligand layer.
Together with its well-defined molecular structure, the excellent stability of 1 makes it an ideal system for studying the surface reactivity of multiple-twinned metal nanoparticles. Similar to the substitution of Br -by Cl - (Figure 2b ), 3 out of 12 iodides in [Ag141I12(S-Adm)40] 3+ are substituted by chlorides (from the solvent) under ESI-MS conditions ( Figure S8 ). This can be explained by the relative strengths of Ag-X (halides) bonds that follow the trend of Ag-Cl>Ag-Br>Ag-I and the steric effect caused by the size difference that follow the opposite trend of Cl<Br<I. In other words, the weakest Ag-I bonds are not so easily replaced by Ag-Cl bonds owing to the large size of the iodides that fit snugly in the cavities created by the S-Adm ligands.
To our surprise, when phenylacetylene (PA) was used as the exchange ligand, two [PA] -replace two [S-Adm] -ligands (Figure 4a ) instead of substituting halides. This is counterintuitive since Ag-S bonds are much stronger than Ag-X and Ag-C bonds. The answer lies in the particular surface structure of 1 caused by the bulky thiolates. There are 14 longer-thannormal Ag-S bonds in middle layers of 1. These S atoms (marked in pink in Figure S14 ) are three-coordinated or four-coordinated. One or two Ag-S bonds among them are longer than 2.7 Å. The longer-than-normal Ag-S bonds make the thiolates easy targets for attack and eventual replacement by PA. Our studies also revealed that S-Adms on middle layers of [Ag141Cl12(S-Adm)40] 3+ before and after ligand-exchange with mercaptosuccinic acid, followed by dissolving in a mixture of dichloromethane and water .
To capitalize on the high surface reactivities of 1, we also investigated its ligand-exchange behavior with water-soluble mercaptosuccinic acid (MSA). [23] [24] [25] [26] In a typical experiment, MSA was added to an ethanol suspension of 1. After stirring at room temperature for 8h, ammonia was added to deprotonate MSA, resulting in the precipitation of the thiolate-ligand-exchanged Ag nanoparticles. The solid products were separated by centrifugation and washed three times with ethanol. The collected Ag nanoparticles became highly soluble in water (Figure 4b) . The aqueous solution of the obtained nanoparticles exhibited practically the same UV-vis spectrum ( Figure S16 ), indicating that the metal core remained intact after the ligand exchange. To achieve the successful transformation of 1 into water soluble, the molar ratio of MSA : 1 used in the ligand exchange can be as low as 4:1 ( Figure S17 ). In comparison, the same ligand exchange process failed to solubilize TBBT-capped [Ag136(SR)64Cl3] -in water, even with a MSA : Ag136 molar ratio of 12:1 ( Figure S18 ). We believe the reason is that the surface of the latter nanocluster is heavily covered by the less bulky thiolates, rendering it resistant to thiol exchange. These results reinforce the notion that 1 exhibits enhanced surface reactivity towards ligand exchange due to its low surface thiolate coverage.
In summary, this work demonstrated that the use of bulky 1-adamantanethiolate facilitates the formation of a heavily twinned metal nanoparticle, [Ag141Br12(S-Adm)40]
3+
, with a prolate Ag71 core protected by a shell of Ag70Br12(S-Adm)40. Even with twenty ν2 tetrahedral domains, the Ag71 core adopts a non-perfect spherical geometry instead of icosahedron, serving as a molecular structure model for multiple-twinned nanostructures of face-center cubic metals. The low surface coverage of bulky thiolates may be related to the multiple-twinned feature of the metal core, suggesting the importance of surface ligands in controlling the shape of metal nanocrystals. Moreover, the low surface thiolate coverage yields high surface reactivities towards ligand exchange. The chemistry behind the controlled formation of heavily-twinned metal nanoparticles with high surface reactivity using bulky ligands is expected to be useful in creating atomically precise metal nanoparticles with desirable surface and/or unusual properties for specific applications. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
